Cultivars resistant to chrysanthemum stunt viroid (CSVd) are desirable for stable production of chrysanthemum (Chrysanthemum × morifolium Ramat.). We previously reported that CSVd was absent not only from shoot apical meristems (SAMs) but also from leaf primordia (LP) of resistant plants following CSVd inoculation. Using this characteristic as a phenotypic marker, we could identify several resistant cultivars in this study. CSVd was inoculated directly into the SAMs of 85 commercial cultivars by attaching SAMs to infected root tips in vitro, and the cultivars were tested for the presence of CSVd in newly expanded leaves. Of the 85 cultivars, 20 resistant candidates could be identified. These plants were classified into two types according to their CSVd infection characteristics: a CSVd-uninfected or slow titer-increasing type and a CSVd-disappearance type. Scions of four of the 20 candidate cultivars were grafted to CSVd-infected rootstocks for evaluation of the CSVd titer in newly expanded leaves. Although CSVd was detected at high titer in two candidate cultivars over the two-month testing period, 'Sei no Issei' and 'Mari Kazaguruma', other two candidate cultivars, proved to be resistant cultivars. In 'Sei no Issei', CSVd was detected temporarily after grafting, but titers decreased in the newly expanded leaves, while CSVd was not detected in a shoot tip of an infected plant and only at trace levels in a young leaf. 'Mari Kazaguruma' also proved to be a resistant cultivar with a slow titer increase. The different types of CSVd resistance in chrysanthemum cultivars will contribute to CSVd-resistant breeding. With some modifications, the in vitro screening method established here will be available for broadening the diversity of genetic resources resistant to CSVd.
Introduction
Chrysanthemum (Chrysanthemum × morifolium Ramat.) is one of the most popular and economically important ornamentals throughout the world. In chrysanthemum production, viroid diseases are among the most serious problems. Viroids, the smallest known infectious agents in plants, are single-stranded RNA without a protein-coding region. They can be classified into two families, Pospiviroidae and Avsunviroidae, which replicate and accumulate in the nucleus and chloroplasts, respectively (Flores et al., 1998) . Chrysanthemum stunt viroid (CSVd), belonging to the Pospiviroidae, is a threat to chrysanthemum production because it causes severe symptoms such as stunting (Diener and Lawson, 1973) , spotted leaves (Flores and Hernández, 2005) , and disturbance of photoperiodic responses for flowering initiation (Hosokawa et al., 2004b) . Because CSVd can easily be transmitted from plant to plant in sap during propagation by cuttings, latent-infected plants multiply during propagation and some express the symptoms during flower production. Strategies for managing CSVd disease include using CSVd-free plants, controlling environmental conditions and using resistant cultivars. To date, most efforts have focused on producing CSVd-free plants, and several techniques are available. The eradication of the CSVd problem will require techniques to prevent CSVd 286 infection or to suppress CSVd titer if viroid-free plants have been reinfected.
Although it has been asserted that no chrysanthemum cultivar is resistant to CSVd (Lawson, 1987) , recent studies demonstrated the possibility of obtaining highly resistant cultivars (Matsushita et al., 2012; Omori et al., 2009) . Resistant strains were obtained from inbred seedlings of 'Utage', a moderately resistant cultivar. CSVd was distributed locally in the leaves of resistant strains, and CSVd titers were unstable, diminishing in the shoot tips of plants. One of the most pronounced characteristics of resistant strains is CSVd distribution in their shoot tips. In CSVd-resistant strains, a few months after infection, CSVd was undetectable not only in shoot apical meristems (SAMs) but also in newly expanded leaves and stems (Hosokawa, 2008) . These observations indicated that CSVd could not enter or proliferate in shoot tips of resistant strains, and therefore, the SAMs produced non-infected leaves. Accordingly, it was possible to evaluate the resistance of a cultivar by testing for CSVd in newly expanded leaves produced from infected shoot tips. Leaf primordia (LP)-free SAM culture-SAMs attached to viroid-free root tips from cabbage seedlings-was developed for elimination of difficult-to-eliminate pathogens such as viroids (Hosokawa et al., 2004a (Hosokawa et al., , 2005 but can be used for inoculating CSVd directly into shoot tips via CSVdinfected root tips. In this study, we used LP-free SAM culture to inoculate commercial chrysanthemum cultivars with CSVd and screened several resistant cultivars by assaying CSVd after the treatment.
Materials and Methods

Plant materials
Eighty-five commercial cultivars from a chrysanthemum breeding nursery (Seikoen Co., Japan) were used to screen for cultivars resistant to CSVd. Plants clonally propagated from the CSVd-sensitive cultivar 'Piato' No. 4 (P4) with a high and stable CSVd titer confirmed by reverse transcription polymerase chain reaction (RT-PCR) were used for CSVd inoculation by LP-free SAM culture or ex vitro grafting.
CSVd inoculation by the LP-free SAM culture method
CSVd was inoculated into two to six plants of each of the 85 cultivars by the LP-free SAM culture method (Hosokawa, 2008) . All LP were removed using sterilized compressed air according to Suzue et al. (2009) , and SAMs were washed with sodium hypochlorite solution with 0.005% available chlorine. This procedure makes it possible to obtain sterilized SAMs of many plants easily. SAMs were cut off with a razor blade attached to 5-mm length root tips of P4, and these plants were cultured on modified Murashige and Skoog medium (Murashige and Skoog, 1962) with 10% strength ammonium nitrate. Incubation conditions were 25 ± 3°C and a 16-h photoperiod with light intensity of 40 μmol·m −2 ·s −1
(photosynthetic photon flux density) provided by cool white fluorescent tubes. The youngest expanded leaves of each plant, at two and four months after the start of LP-free SAM culture, were used for CSVd assay by micro-tissue (MT) direct RT-PCR (Hosokawa et al., 2006) . To evaluate CSVd resistance in the 85 cultivars, we counted the numbers of plants in which CSVd was detected by MT-direct RT-PCR in each of two tests performed two and four months after LP-free SAM culture. We also checked infection by RT-PCR performed just before LP-free SAM culture using leaf-extracted total RNAs, and cultivars with a high titer were excluded from candidates.
CSVd inoculation by grafting Three chrysanthemum cultivars selected as candidate resistant plants and C7, an inbred strain of 'Utage', which was previously reported (Omori et al., 2009) as highly resistant to CSVd, were grown in 23-cm-diameter pots containing potting soil (Metro-Mix 360, SunGro, USA) in the greenhouse at the experimental farm of the Department of Agriculture, Kyoto University. All plants were grown under natural temperature conditions. Longday conditions were maintained throughout the year by night-break lighting between 10:00 p.m. and 2:00 a.m. Five-leaf shoots of these cultivars in which CSVd was not detected by RT-PCR were grafted onto P4 cutting rootstocks with five leaves. Grafted cuttings were placed in intermittent mist for three weeks until successfully united and rooted. They were then transplanted into 23-cm pots and grown in the greenhouse as described above. The grafted scions were cut from the grafted plants two months after grafting, rooted under mist conditions for three weeks, and returned to the greenhouse. The youngest expanded leaves collected from these plants just before cutting and one and two months after cutting were used to examine the timecourse change of CSVd titer. After three months, the uppermost, middle, and bottom leaves were collected from a plant of 'Sei Azumi' and two plants of 'Sei no Issei' with 30 expanded leaves and used for the assay of CSVd titers in these leaves. For 'Mari Kazaguruma', which was also identified in the screen as a resistant candidate, two plants were grafted onto P4 rootstocks and the scions were cut from infected plants six months after grafting. Scions were grown for two months, and the uppermost, middle, and bottom leaves were collected. The grafting and cutting procedures and growing conditions were as described above.
To determine whether temporarily infected viroid-free plants develop immunity, five-leaf cuttings taken from different 'Sei no Issei' plants, to which CSVd had been inoculated previously, were grafted again to P4. The time-course change of CSVd titer in the youngest leaves after grafting was examined. As a control, four plants of 'Sei no Issei' scions were collected from CSVd-free plants that had been maintained without inoculation. These cuttings were inoculated by the grafting method as described above.
RNA extraction, purification, and RT-PCR
Total RNA was extracted from the expanded leaves of ex vitro plants using TRIzol reagent (Invitrogen, USA) or Sepasol RNA 1 Super G (Nacalai Tesque, Japan) according to the manufacturer's instructions. Extracted RNAs were then purified once using a commercial agent (High-Salt Solution for Precipitation (Plant), TaKaRa, Japan) according to the manufacturer's instructions. RT was performed in a 10-μL volume containing 50 units of ReverTra Ace (Toyobo, Japan), 1 μL RT buffer, 1 mM dNTPs (10 mM), 20 units of RNase inhibitor (Toyobo), and 1 μM reverse primer. Total RNA was added to the reaction mixture to a final concentration of 10 to 20 ng·μL −1 . This mixture was incubated at 42°C for 30 min and 99°C for 5 min. The RT product was added to 9 μL of the PCR mixture to obtain a final volume of 10 μL. RT-PCR was performed in a 10-μL mixture containing 0.25 units of KOD Dash polymerase (Toyobo), reaction buffer for the KOD Dash polymerase, 0.2 mM dNTPs, and 0.2 μM forward and reverse primers. One cycle of 3 min at 98°C, 35 cycles of 30 s at 98°C, 10 s at 58°C, and 30 s at 74°C, and one cycle of 5 min at 74°C were performed for the RT-PCR reaction. The primers used for each experiment are shown in Table 1 . The RT-PCR products were separated by electrophoresis on a 1.0% agarose gel and visualized by ethidium bromide staining.
MT direct RT-PCR
MT direct RT-PCR was performed according to Hosokawa et al. (2006) . A syringe needle (25G × 1, Terumo, Japan) was used to pierce the youngest expanded leaves once in a random location, and plant sap on the syringe needle dipped into the RT mixture was used for the RT template. RT-PCR was performed as described above.
Relative quantification of CSVd titer by real-time RT-PCR Relative quantification of the CSVd titer was performed with real-time RT-PCR (ABI PRISM 7900HT, Applied Biosystems, USA). As it is expressed even under certain infection with six viruses and viroids in tomato (Mascia et al., 2010) , chrysanthemum actin (Narumi et al., 2005) was used as the internal standard. Two microliters of the RT product was used for real-time RT-PCR. The real-time RT-PCR mixture consisted of 10 μL SYBR Premix Ex Taq (TaKaRa), 0.4 μL Rox reference dye (TaKaRa), and 0.8 μM forward and reverse primers, adjusted to 18 μL with sterile distilled water. Forty cycles of 15 s at 95°C and 15 s at 60°C were performed. Proliferation of signal products without primer dimers was checked by dissociation curves. Data are shown as CSVd/actin ratios.
In situ hybridization
In situ hybridization was performed as described previously (Omori et al., 2009 ). Six months after grafting onto P4, shoot tips and the third expanded leaves were collected from 'Sei no Issei' and 'Mari Kazaguruma' and fixed with FAA solution [3.7% paraformaldehyde (w/v), 5% acetic acid (v/v), and 50% ethanol (v/v)] at 4°C overnight. As a positive control, shoot tips of P4 were also used. The fixed tissues were dehydrated and embedded in paraffin (Paraplast Plus, Sigma-Aldrich, USA). The tissues were cut into 12-μm sections and dried overnight. Hybridization was performed overnight at 52°C. DIG-labeled RNA probes were synthesized by T7 RNA polymerase in vitro transcription using a DIG RNA Labeling Kit (Roche Diagnostics Inc., Switzerland). Full-length CSVd amplified with CSVC1 and CSVS1 (Table 1) was cloned into pTAC-1 (BioDynamics Laboratory Inc., Japan) and used as the template for probe synthesis. After hybridization, the sections were washed twice with half-strength SSC buffer (0.3 M NaCl, 30 mM trisodium citrate) at 52°C and soaked in 0.5% blocking reagent (Roche Diagnostics Inc.) and anti-DIG alkaline phosphatase conjugate containing 0.1% BSA. After the slides were washed, CSVd signals were detected with NBT/BCIP (Roche Diagnostics Inc.).
Sequencing of CSVd cDNA
To analyze the CSVd sequences used for inoculation, total RNA was extracted from a leaf of P4 and nearly 
CSVC1 (reverse)
In situ hybridization sequencing TTCTTTCAAAGCAGCAGGGT Kusunoki et al. (1993) CSVS1 (forward) In situ hybridization sequencing AAAGAAATGAGGCGAAGAAG Kusunoki et al. (1993) Actin-R (reverse) Real-time RT-PCR CTCTCACAATTTCCCGTTCA Narumi et al. (2005) Actin-F (forward) Real-time RT-PCR ACATGCTATCTTGCGTTTGG Narumi et al. (2005) the full lengths of CSVd (excluding primer binding sites) were sequenced. cDNA was synthesized by CSVC1 and CSVS1 using the One Step SYBR PrimeScript RT-PCR Kit II (TaKaRa) according to the manufacturer's instructions. The PCR products were then cloned into pTAC-1, and sequencing was performed with a BigDye Terminator v. 3.1 Cycle Sequencing Kit and analyzed using a 3100 Genetic Analyzer (Applied Biosystems).
Results
In vitro screening of chrysanthemum cultivars resistant to CSVd We sequenced 16 clones of CSVd cDNA synthesized from total RNA extracted from P4 as CSVd strains used in this study. Four previously reported sequences were obtained, two (GenBank: AB679211.1; AB279769.1) of which were abundant. Two sequences carrying singlenucleotide polymorphisms of A 138 →G 138 in one clone (GenBank: D88895.1) and U 237 →C 237 in two clones (GenBank: D88895.1) were detected. Figure 1a shows the secondary structure of the most abundant sequence in P4 (AB279769.1) with the identified single-nucleotide polymorphisms. No combinations of these point mutations were found, and therefore, at least four independent sequences of CSVd were used in our experiments.
From the results of the in vitro screening assay, we classified the cultivars into four groups depending on their different resistance to CSVd. When CSVd was detected in any of the CSVd-inoculated plants of a cultivar, the cultivar was designated as "Detected". When CSVd could not be detected in any of the plants, the cultivar was designated as "Not detected" (Fig. 1b) . Sixty-five cultivars in which CSVd was detected by electrophoresis in both the first and second tests performed two and four months after LP-free SAM culture were classified into group A and considered CSVd-sensitive cultivars (Table 2) . Five cultivars in which CSVd was detected in the first but not in the second test, that is, CSVd disappeared during culture, were classified into group B and considered CSVdresistant cultivars. Twelve cultivars in which CSVd was not detected in the first test but detected in the second test were classified into group C, in which the CSVd titer was considered to increase more slowly than in other CSVd-sensitive cultivars. Two cultivars in which CSVd could not be detected in either test were classified into group D (Table 2) . We could not determine whether 'Sei no Issei' should be classified into group C or D because CSVd was not detected in the first test for this No. plants used in the experiments. Tests were conducted two month post-inoculation and four months post-inoculation. x not examined. w Cultivars were divided into four groups based on the results of CSVd detection conducted two times (details are described in the text and depicted in Figure 1 ). All cultivars' No. represented in this paper were provided by Seikoen Co.. cultivar, and the second test was spoiled by bacterial contamination.
Screening for chrysanthemum cultivars with resistance to CSVd
CSVd was inoculated by grafting onto the three in vitro screened cultivars '051-3071', 'Sei Azumi', and 'Sei no Issei', as well as C7, a CSVd-resistant strain (Omori et al., 2009) . CSVd was expected to be provided continuously to scions as long as they were connected to infected rootstocks. To evaluate titer change in the three tested cultivars after removal of the infected rootstocks, scions were cut from rootstocks two months after grafting. CSVd titers were below the detectable level in the youngest expanded leaves of two plants of 'Sei no Issei' just before removal of grafted plants and after two months (Table 3 ). In the other two plants, CSVd titers in the newly expanded leaves decreased rapidly, and after two months, titers were below the detectable limit (Table 3 ). These decreasing patterns were similar in C7 plants (Table 3 ). In addition, typical symptoms such as stunting were not observed during the experimental period in 'Sei no Issei' and C7 plants (data not shown). In '051-3071', high titers of CSVd persisted throughout the experimental period (Table 3) and stunting was observed (data not shown). Although one plant of 'Sei Azumi' showed the expected decreasing pattern, in the other two plants, high titers of CSVd persisted throughout the experimental period (Table 3) and severe stunting was observed (data not shown). These two cultivars were considered to be CSVdsusceptible. Table 3 . Quantitative analyses of the uppermost leaves of '051-3071', 'Sei Azumi', 'Sei no Issei', and C7 inoculated with CSVd by grafting on CSVd-infected rootstocks.
z Each number represents a different individual. y CSVd/actin in the youngest expanded leaf just before cutting (0 month after cutting; 0 mac), one month after cutting (1 mac), and two months after cutting (2 mac). x CSVd could not be detected. w Patterns shown in each plant of CSVd titer change over time were evaluated using the following indexes. v CSVd/actin was over 1.0 at 2 mac. u Plants had been infected by grafting, but CSVd/actin dropped under 1.0 at 2 mac. t CSVd was not detected during the experimental period. CSVd/actin ratio in the youngest leaf of 'Piato' No.4 was kept between 1.0E + 00 and 1.0E + 01 during the experimental period. CSVd titers in different leaves At three months after the removal of infected rootstocks, CSVd titers in expanded leaves showed an acroscopic decrease in 'Sei no Issei', but not in 'Sei Azumi', for which nearly identical titers were observed in all the tested leaves (Fig. 2) . A similar acroscopically decreasing pattern for CSVd had been observed in C7 (Omori et al., 2009) . Two plants of 'Mari Kazaguruma' were exposed to CSVd by grafting for six months, and at two months after detachment, infected plants were collected and analyzed in the same way. CSVd titers in these plants were always much lower than those in P4 for all tested leaves (Fig. 2) .
In situ hybridization
In P4, signals of CSVd were detected near SAMs, even in the LP, but not in the SAMs (Fig. 3a) , and nuclei of almost all cells were stained clearly in leaves (Fig. 3d) . In contrast to P4, CSVd was not able to invent or poorly existed in a young leaf of 'Sei no Issei' even six months after grafting (Fig. 3b) . Similarly, only faint signals of CSVd were detected in a shoot tip of 'Mari Kazaguruma' Table 3 . The numbers following 'Mari Kazaguruma' also represent individual plants.
( Fig. 3c ). In the third expanded leaf of 'Sei no Issei', signals of CSVd were partially detected only near the vascular bundle, while regions without CSVd signals were observed (Fig. 3e) . In the third expanded leaf of 'Mari Kazaguruma', signals were detected throughout the section, with much lower intensities than those of P4 and 'Sei no Issei' (Fig. 3f) .
Reinfection of CSVd to 'Sei no Issei'
To determine whether or not the resistance of 'Sei no Issei' is due to the acquisition of immunity, a grafting assay was performed. CSVd titers in the youngest expanded leaves of these plants after grafting on P4 rootstocks were examined. No significant difference of CSVd titers between the two lines with or without temporary infection was observed at any time points (Fig. 4) .
Discussion
Screening of CSVd-resistant cultivars by in vitro screening system In our previous report, CSVd titers in resistant plants were lower in upper leaves (Omori et al., 2009) , and CSVd was not detected in shoot tips of resistant plants by in situ hybridization (Nabeshima et al., unpublished data). SAMs of a CSVd-susceptible cultivar infected with CSVd produced infected leaves, but SAMs of C7 produced CSVd signal-free leaves on in situ hybridization (Nabeshima et al., unpublished data). In some cases, although CSVd was able to invade C7 SAMs, CSVd signals disappeared during culture (Hosokawa, 2008) . These results indicated that resistant plants have "resistant shoot tips" that can prevent infection or reduce the titer in sequentially expanding leaves. The resistance of each cultivar could be evaluated with the LP-free SAM culture method, which permits the direct infection of SAMs. We classified cultivars into groups A to D (Fig. 1b) according to the results of LP-free SAM culture.
Group A, with cultivar 'Piato', had susceptible cultivars that would have "susceptible shoot tips" (Fig. 3a) . There may be some differences in resistance levels among group A cultivars. In some cultivars of group A, such as '990-2063' and '990-2404', the number of infected plants decreased four months after infection, and these cultivars may be reclassified into group B. The low number of infected plants of '010-2143' in group A indicates that it may be resistant.
Five cultivars were classified into group B. Because CSVd disappeared after CSVd was detected in these plants, these cultivars are expected to have strong resistance to CSVd with mechanisms similar to that of previously reported resistant strains (Omori et al., 2009) with "resistant shoot tips"; however, '051-3071' was infected by grafting to 'Piato' rootstocks ex vitro, its titers were always higher than those of infected rootstocks (Table 3) , and the titers did not decrease after removal of the infected rootstocks. This cultivar was misclassified into group B because of its unstable RT-PCR signals caused by low titers (data not shown). For 'Sei Azumi', the CSVd titer decreased in one graftinfected plant but decreased only slightly or remained high in the other two plants (Table 3 ). The different results between individuals cannot be explained here and at this point, we cannot determine whether 'Sei Azumi' is a resistant cultivar or not. If this cultivar is resistant, the level dose not seem to be high. The other candidate resistant cultivars in group B were '020-8207 ' and '060-3069'. Cultivars in which the CSVd titer increased slowly were classified into group C, a group considered to comprise both resistant and susceptible cultivars. '982-4679', '990-0376', and '033-21912-0' showed high titers of CSVd in mother plants used for LP-free SAM culture (0 months post-inoculation) and were presumed to be susceptible. In contrast, cultivars whose expanded leaves showed low titers of CSVd were considered resistance candidates. The grafting experiment placed 'Mari Kazaguruma' in this resistant category. To determine in a short test period whether a cultivar in this group is resistant or susceptible, quantitative analysis of the CSVd titer will be effective.
Group D contained three candidate cultivars, '020-8081', '033-21033-0', and 'Sei no Issei', in which CSVd was not detected after CSVd inoculation ( Table 2 ). The inability of CSVd to infect SAMs in this group indicates that those SAMs must be "resistant". In '020-8081' and '033-21033-0', CSVd could be detected six months after SAM infection (data not shown) and a trace CSVd signal could be detected by RT-PCR in the plants used for LPfree SAM culture (Table 2) . Thus, there is no clear borderline between groups C and D. 'Sei no Issei' could not be classified into group C or D because of contamination after the first test (Table 2) .
CSVd resistance of 'Sei no Issei' 'Sei no Issei' is a resistant cultivar grouped into C or D (Table 2 ) from the result of LP-free SAM culture (Table 2 ). In two plants grafted to CSVd-infected rootstocks, high titers of CSVd nearly identical to those of 'Piato' No. 4 (P4) were detected but decreased rapidly in the continuously produced leaves (Table 3 ). The grafting result showed 'Sei no Issei' to have characteristics not only of group D but also of group B; that is, preventing successful infection and viroid accumulation in newly expanded leaves and reducing the infected molecules in an acroscopic pattern (Fig. 2) . Similar results were shown by plants of C7, a resistant strain (Omori et al., 2009) . CSVd titers were lower in upper leaves in 'Sei no Issei' (Fig. 2) , another characteristic observed in C7 (Omori et al., 2009 ). These results suggested that the resistance mechanism of 'Sei no Issei' is similar to that of C7; however, CSVd could not infect SAMs of 'Sei no Issei' via LP-free SAM culture, although SAMs of C7 could be infected temporarily (data not shown).
Two plants each of 'Sei no Issei' and C7 were infected with CSVd without symptoms even before removal of infected rootstocks (Table 3) ; therefore, the resistance mechanism of 'Sei no Issei' and C7 was based on preventing CSVd systemic infection. No CSVd signals were observed in a shoot tip and only trace signals were observed in a young leaf of 'Sei no Issei' grafted onto infected P4 plants (Fig. 3b) . It was reported that the RNA-dependent RNA polymerase RDR6 prevents potato spindle tuber viroid entry into SAMs (Di Serio et al., 2010) . This mechanism may explain why CSVd was not detected in SAMs of P4. Although CSVd was also not detected in SAMs of 'Sei no Issei', the area where viroid was undetected was large in shoot tips, and CSVd disappeared after the infected cuttings were detached from the rootstocks (data not shown). If a barrier in shoot tips is stepped basipetally in 'Sei no Issei', onceinfected plants will presumably resist invasion by CSVd after grafting; however, viroid-free plants that had been infected previously did not acquire CSVd resistance (Fig. 4) . Thus, the barrier hypothesis, describing a type of immunity, does not explain CSVd resistance in this cultivar. Another hypothesis is that the resistant cultivar prevents cell-to-cell spread in infected organs, resulting in low CSVd proliferation. Few CSVd particles would then be trafficked to sink leaves, and their low accumulation there would result in CSVd disappearance from the shoot tips. We observed a CSVd-undetectable area in the third expanded leaf of 'Sei no Issei' (Fig. 3e) . CSVd signals with high intensity appeared to spread only from the vasculature to the neighboring cells. A CSVd-undetectable area, such as that shown in 'Sei no Issei' would be expected to appear when the advance of infection is slow due to the prevention of cell-to-cell movement.
CSVd resistance of 'Mari Kazaguruma' 'Mari Kazaguruma' was selected as a group C cultivar and infected by grafting. As in the in vitro experiments (Table 2) , this cultivar was hardly infected by CSVd. Titers in the youngest leaves were below the detectable limit two months after grafting, but the titer had slightly increased by six months (data not shown). 'Mari Kazaguruma' also showed no symptoms (data not shown). When these moderately infected plants were detached from infected rootstocks and grown for two months, CSVd titers were very low and almost identical in uppermost, middle, and bottom leaves. The CSVd resistance of this cultivar appeared different from those of 'Sei no Issei' and C7, suggesting the existence of more than one type of CSVd resistance in chrysanthemum plants. The results of this ex vitro experiment well supported the classification of 'Mari Kazaguruma' as a cultivar with slow accumulation of CSVd. However, despite the low titers of CSVd in leaves of 'Mari Kazaguruma', we could not observe the "undetectablearea" characteristic of 'Sei no Issei' (Fig. 3f) . Signals of CSVd were observed in almost all cells throughout the section, but at an intensity much lower than in P4 and in infected cells of 'Sei no Issei'. A low replication rate in the nucleus of each cell may explain this type of resistance, but further studies are needed to elucidate the resistance mechanism.
Future prospects
In this study, 'Sei no Issei' and 'Mari Kazaguruma' were revealed to be CSVd resistant and several candidate cultivars were selected. It was also suggested that there are at least two types of resistance among chrysanthemum cultivars; however, the possibility cannot be ruled out that these resistant types may be CSVd sequence specific. Accumulating evidence suggests that viroid systemic infections in particular hosts are strongly affected by the viroid sequence and that even a single point mutation can change their compatibilities (Matoušek et al., 2004; Zhong et al., 2007) . The data presented in this study confirmed that the resistance to these four sequence types of CSVd infecting P4 plants maintained for more than seven years; however, the resistance of 'Sei no Issei' and 'Mari Kazaguruma' should be evaluated more carefully with respect to the various CSVd sequence types. In this point, however, the existence of several types of resistant cultivars will be a great advantage; for CSVd resistant breeding, it will be effective to combine the different mechanisms in a cultivar. Given that chrysanthemum cultivars have different flowering times, flower shapes and flower colors, it is preferable to collect as many resistant cultivars as possible for future breeding. For screening of CSVd-resistant cultivars, in vitro conditions are
